A RTl C L E W) Check for updates

Elucidating the mechanism of heterogeneous
Wacker oxidation over Pd-Cu/zeolite Y
by transient XAS

Jerick Imbao® 2, Jeroen A. van Bokhoven'2®, Adam Clark® ' & Maarten Nachtegaal® '™

The heterogenization of Wacker catalysts using chloride-free systems can potentially be a
good alternative for the commercial homogeneous Wacker oxidation of ethylene, which
utilizes excessive aqueous chloride solvents. However, the mechanism of the heterogeneous
system has not been clarified, preventing the rational design of better catalysts. Here, we
report a transient X-ray absorption spectroscopic (XAS) investigation of the heterogeneous
Wacker oxidation over Pd-Cu/zeolite Y coupled with kinetic studies and chemometric ana-
lysis. Insight is obtained by operando quickXAS allowing the quantitative determination of
rates and thereby revealing a rapid redox reaction involving copper. Our work demonstrates
that copper is not only the site of oxygen activation, but is also involved in the formation of
undesired carbon dioxide. Without detecting the presence of Cu(0) and Pd(l), our results
suggest that two one-electron transfers to two Cu(ll) ions to reoxidize Pd(0) is at work in this
heterogeneous Wacker catalyst.
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ARTICLE

ince its discovery, the liquid-phase commercial homo-

geneous Wacker oxidation of ethylene has been the primary

source of acetaldehyde worldwide. Although the develop-
ment of Cativa and Monsanto processes resulted in a decrease of
acetaldehyde demand for acetic acid production, the global
market of acetaldehyde is still projected to rise and exceed 1.4
million tons by 2022 due to the steady growth in its consumption
for the production of pyridine and pyridine bases for agricultural
chemicals; pentaerythritol and acetate esters for surface coatings;
and butadiene for synthetic rubbers and polymers!-7.

However, the corrosion and formation of chlorinated bypro-
ducts from the excessive use of aqueous chloride solvents place
hefty ecological constraints on this process. Consequently, het-
erogenization of chloride-free Wacker catalyst systems had been
attempted to overcome these problems. Better isolation of pro-
ducts can be achieved by preparing the catalysts on different
supports including palladium- and copper-exchanged zeolites3-1°,
palladium clusters on titania!®, and palladium on carbon nano-
tubes!”. Other chloride-free systems have been proposed, such as
palladium deposited on vanadium pentoxide!8-20, palladium on
vanadia nanotubes?! and palladium and manganese salts of het-
eropoly acids on silica?2 with different co-catalysts replacing the
Cu(II)/Cu(I) redox couple. However, most of these catalyst sys-
tems either lacked sufficient activity or stability.

Pd-Cu/zeolite Y is one of the most active and stable hetero-
geneous Wacker catalysts reported in the literature but its
mechanism is not understood. One of the few attempts to pro-
pose a mechanism for the heterogeneous Wacker process over
Pd-Cu/zeolite Y was reported more than 20 years ago by Espeel
and coworkers, suggesting that it is similar to the homogeneous
PdCl,-CuCl, system!%!1, They hypothesized a trinuclear Cu(II)-
OH-PA(II)(NH3),-OH-Cu(Il) active site, which was difficult to
identify directly spectroscopically due to the technological lim-
itations to study reaction intermediates in fast catalytic processes
at the time.

Synchrotron-based X-ray absorption spectroscopy (XAS) has
developed to be the method of choice to determine redox-type
reaction mechanisms by studying the electronic and local atomic
structures of the metal of interest within the heterogeneous cat-
alysts under operating conditions?>24. However, there are no
reported XAS studies focused on deciphering the active sites in
heterogeneous or homogeneous Wacker oxidation. Traditionally,
the acquisition of a single XAS spectrum takes tens of minutes
preventing the investigation of the rate-limiting steps and active
sites of fast processes. The advent of high brilliance synchrotron
sources, together with instrument developments, allows now to
monitor structural changes occurring on sub-second to minute
timescales, which would not have been possible a decade ago2°-2°,

The complexities in the interactions of the palladium and
copper centers with the reactants and short life-times of inter-
mediates during the Wacker process make it difficult to unam-
biguously identify the active species and the role, or lack thereof,
of each component in the reaction mechanism under steady-state
conditions. Therefore, we used transient XAS, with which the
dynamic speciation of palladium and copper can be determined.
When the kinetically relevant step is directly affected by dis-
turbing the system, be it by changing the pressure, concentration
or temperature, the active site yields a quick response while the
spectator species would elicit a slower responseZ?,

In this work, we investigate the mechanism of the hetero-
geneous Wacker oxidation of ethylene to acetaldehyde over Pd-
Cu/zeolite Y through the synergistic combination of kinetic,
spectroscopic and chemometric studies. Kinetic studies reveal the
variable order in oxygen at different partial pressures. Transient
XAS at these different oxygen reaction orders shows a rapid redox
reaction involving the Cu(II)/Cu(I) couple, demonstrating

directly for the first time that oxygen is activated on copper in the
heterogeneous Wacker system. The rate-limiting step is identified
as Cu(I) reoxidation at low oxygen partial pressure and Cu(II)
reduction at high oxygen partial pressure. Concomitant fast
changes in the rate of formation of carbon dioxide by-product
show that Cu(Il) is also involved in the total oxidation of ethy-
lene. Finally, the slow Pd(0) formation leads to loss of Wacker
activity by lowering the number of active Pd(II), which is partially
reactivated via the gradual reoxidation by Cu(II).

Results and Discussion

Kinetics of the Wacker reaction. The materials utilized in this
work were prepared by aqueous ion exchange of the sodium form
of zeolite Y and denoted as Pd(a)Cu(b)-Y [a,b=wt%; compositional
(Supplementary Table 1) and physicochemical characterization
(Supplementary Figs. 1, 2; Supplementary Table 2)]. High-angle
annular dark field-scanning transmission electron microscopy
(HAADF-STEM) and elemental mapping of Pd1Cu5-Y using
energy-dispersive X-ray (EDX) spectroscopy (Supplementary Fig. 1)
show that palladium and copper are homogeneously distributed in
the zeolite after ion-exchange. Furthermore, the temperature-
programmed reduction (TPR) profile of Pd1Cu5-Y (Supplemen-
tary Fig. 2) exhibits a single-peak feature indicating that their redox
properties are coupled and that palladium and copper interact with
each other. Hence, these results suggest that palladium and copper
are in close proximity in Pd1Cu5-Y. Testing zeolites containing
either or both palladium and copper under Wacker conditions
(Supplementary Fig. 3) showed that only copper is inactive and that
palladium is the active site for ethylene oxidation. Without copper,
there was little activity towards ethylene oxidation over Pd2-Y,
albeit catalytic. Clearly, the synergistic presence of both copper and
palladium resulted in a significantly higher Wacker activity over
Pd1Cu5-Y. Thus, we studied the kinetics of the optimized catalyst,
Pd1Cu5-Y?’, for the Wacker oxidation of ethylene under low
conversions (<10%) to assume differential reactor conditions, which
ensures a minimal concentration gradient from entrance to exit of
the catalyst bed.

Figure 1 depicts the dependence of ethylene oxidation on the
partial pressures of water, ethylene and oxygen. The apparent
reaction orders with respect to water, ethylene and oxygen are
listed in Table 1 and are estimated from the linear slope of the
double-logarithmic plot of the rate of acetaldehyde formation as a
function of partial pressure. At constant oxygen and ethylene
partial pressure, the concentration of water in the gas feed has a
positive influence on the reaction rate to ca. first-order (0.7)
extent (Fig. 1a). The reaction order of water in the homogeneous
system could not be measured because it is utilized in large excess
as solvent?8. In the heterogeneous oxidation of ethylene, previous
studies have reported a first-order dependence on water!l,
Figure 1b shows that the apparent reaction order with respect
to ethylene is 0.7, which is close to the first-order dependence
observed in both homogeneous?8-30 and heterogeneous Wacker
oxidation!!.

Varying the oxygen partial pressure leads to changes in the
apparent reaction order of oxygen (Fig. 1lc). At high oxygen
partial pressures (0.5-5 kPa), the apparent order is —0.05, close to
zero, indicating high oxygen coverage on the catalyst, which is
similar to the homogeneous system?8. Conversely, the apparent
reaction order of oxygen becomes roughly half (0.46) at lower
partial pressures (0.01-0.5kPa), suggesting the dissociative
adsorption of oxygen onto the active sites that have low oxygen
coverage. These findings signify that at high oxygen partial
pressure, the catalyst surface is saturated with oxygen and the
reaction rate depends on the gas-phase concentration of water
and ethylene. At low oxygen partial pressure, the number of
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Fig. 1 Kinetics of Wacker oxidation over Pd1Cu5-Y. Double-logarithmic plots of the dependence of the rate of acetaldehyde (racy) formation on varying
reactant partial pressures of a water, b ethylene, and ¢ oxygen over Pd1Cu5-Y. The partial pressure of helium was adjusted so that the contact time does
not vary. Hollow points in a and b correspond to the partial pressure values used in the standard Wacker conditions. Hollow points in € show the partial
pressure values used in the transient measurements done in time-resolved XAS. The error bars in a-c indicate the standard deviation (n = 3 independent

samples).

Table 1 Comparison of homogeneously and heterogeneously
catalyzed Wacker oxidation.

Order Heterogeneous? Homogeneousb
Water 0.73 (¢0.05) Not measured
Ethylene 0.70 (£0.10) 1

Oxygen —0.05 (+0.02) — 0.46 (+0.03) 0

aApparent reaction orders determined from this study: Pd1Cu5-Y at 378K, 1atm.
bFrom refs. 28-30,

active oxygen species diminishes and the gas-phase concentration
of oxygen has a positive influence (half-order) on the reaction
rate. Based on the results of these kinetic studies, transient XAS
experiments were designed to monitor structural changes in the
catalyst in each of the kinetic regimes by varying the oxygen
partial pressure.

Cu and Pd K-edge XAS. Figure 2 shows the time-resolved Cu
and Pd K-edge X-ray absorption near-edge structure (XANES)
spectra of Pd1Cu5-Y before and during the transient experiments.
The structural parameters derived from the curve fitting of the Cu
and Pd K-edge extended X-ray absorption fine structure (EXAFS)
spectra (Supplementary Fig. 4) are listed in Table 2. The corre-
sponding Fourier transformed (FT) EXAFS spectra are presented
in Fig. 3. The presence of Cu(Il) species in the as-prepared
Pd1Cu5-Y is identified by a pre-edge feature at 8977.5 ¢V due to
1s—3d transition31-32 (Fig. 2a). Moreover, the spectrum of the as-
prepared catalyst resembles that of the hexaaquacopper(Il) ion
reference (Supplementary Fig. 11) indicating the presence of
mobile hydrated copper complexes having an intense white line
peak at 8996 eV, which diminished after pre-treatment in oxygen
at 378 K due to partial dehydration. Accordingly, the Cu K-edge
FT-EXAFS spectra of the as-prepared and pre-treated catalyst
show only one major peak associated with oxygen neighbors at a
distance of 1.94 A, suggesting the presence of isolated Cu(II)
species and thus no chemical bonds between copper and
palladium.

The Pd K-edge XANES spectrum of the as-prepared Pd1Cu5-Y
is closely similar to that of the tetraamminepalladium(II)
precursor (Supplementary Fig. 12), which is indicative of the
presence of Pd(NH;),2t ions after ion-exchange. This is further
supported by the ATR-IR spectrum of Pd1Cu5-Y (Supplementary
Fig. 5) exhibiting a weak band at 1310cm~! attributed to
symmetric deformation of NHj; coordinated to Pd(I[)!0:11,

Moreover, the FT-EXAFS spectrum of the as-prepared catalyst
shows a lone significant backscattering contribution between 1-2 A
due to light elements like oxygen and nitrogen in the first
coordination shell. The FT-EXAFS spectrum is featureless at
higher distances suggesting the absence of particulate palladium
oxide and directly coordinating copper atoms in the as-prepared
catalyst. Since the backscattering amplitudes of oxygen and
nitrogen are nearly identical, it is not possible to distinguish them
by EXAFS analysis. Thus, the EXAFS spectrum of the as-prepared
catalyst was fitted with a single Pd-O/N scattering path. From the
best fit parameters summarized in Table 2, the palladium ions are
found to be coordinated to 3-4 O/N atoms at 2.01 A. The pre-
treatment of Pd1Cu5-Y in oxygen at 378 K did not result in any
significant change as observed in its Pd K-edge XANES and
EXAFS spectra. EXAFS analyses do not provide evidence for the
direct coordination between copper and palladium in Pd1Cu5-Y.
However, its XANES spectra show the presence of solvated
copper(II) and palladium(II) complexes in the wide-pored zeolite
Y. As previously discussed through the results from STEM-EDX
mapping and TPR studies, the close contact and electron transfer
between the solvated copper and palladium complexes hint at
their mobility within the zeolite, which have been suggested to
have similar ionic characters as those of palladium and copper
ions in aqueous solutions®1°,

After pre-treatment in oxygen at 378K, Pd1Cu5-Y was
equilibrated under Wacker conditions for 4h and the corre-
sponding Cu K-edge XANES spectrum of the catalyst (Fig. 2a)
reveals the formation of a minor peak at 8983 eV, which is
associated with the formation of Cu(I)31:32. The Pd K-edge
XANES spectrum of Wacker-equilibrated Pd1Cu5-Y shows that
the absorption edge energy at half-height shifted to lower energy,
signifying the reduction of a fraction of Pd(II) into Pd(0). From
EXAFS analysis, the average Pd-O/N coordination number
decreased from 3.5 to 3.1 while the bond distance remained at
2.01 A. A second Pd-Pd (metallic) coordination shell appeared at
2.76 A with a coordination number of 1.5, suggesting the
reduction of a portion of Pd(II) to metallic nanoparticles33,
which could be linked to the loss of Wacker activity observed in
Pd1Cu5-Y (Supplementary Fig. 3). The relatively large pseudo
Debye-Waller factor of the metallic Pd-Pd shell suggests a large
disorder due to the presence of Pd clusters: increasing Debye-
Waller factors is associated with decreasing particle size3.

After equilibration, the oxygen partial pressure was lowered
from 2kPa to 0.01kPa to follow the changes in the local
geometric and electronic environment of palladium and copper
atoms from the zero-order to half-order kinetic regime through
the simultaneous acquisition of quickXAS?® spectra (operando
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Fig. 2 Time-resolved Cu and Pd K-edge XANES spectra. Normalized time-resolved a, b Cu and ¢, d Pd K-edge XANES spectra of Pd1Cu5-Y before (as-
prepared, pre-treated, Wacker-equilibrated) and during transient experiments with a, ¢ low pO, and b, d high pO,. Inset: magnification of the a minor peak
at 8983 eV corresponding to Cu(l) formation and d shift in absorption edge energy at half-height. Gas feed composition (C,H4:H,0:05) at high pO,
(1:7:10) and low pO, (1:7:0.05) was balanced with helium to achieve a constant contact time in all experiments.

Table 2 Best-fit EXAFS parameters for Pd1Cu5-Y.

Scattering pair Na R(A)b 62(A2)c AE(eV)d R-factore
Cu K-edge
As-prepared Cu-O 45 (0.2) 1.94 (0.004) 0.006 (0.001M) 1.0 (0.6) 0.002
Pre-treated (378 K, O,) Cu-0 4.4 (0.2) 1.94 (0.004) 0.006 (0.001) 3.1(0.9) 0.004
Wacker-equilibrated (4 hr) Cu-0O 4.2 (0.2) 1.95 (0.004) 0.006 (0.001) 13 (0.5) 0.001
Low pO,, 60 min Cu-0 3.8 (0.1 1.94 (0.004) 0.007 (0.001) 0.8 (0.6) 0.002
High pO,, 60 min Cu-O 42 (0.1 1.94 (0.004) 0.007 (0.001) 0.8 (0.5) 0.001
Pd K-edge
As-prepared Pd-O/N 3.6 (0.2) 2.01 (0.01) 0.003 (0.00M) 3.1 (1.0) 0.009
Pre-treated (378 K, O,) Pd-O/N 3.5(0.2) 2.01 (0.01) 0.004 (0.001) 8.5 (1.3) 0.010
Wacker-equilibrated (4 hr) Pd-O/N 3.1(0.3) 2.01 (0.01) 0.004 (0.001) 2.5 (15) 0.009
Pd-Pd 1.5 (0.9) 2.76 (0.05) 0.018 (0.003) 7.9 (2.5)
Low pO,, 60 min Pd-O/N 2.6 (0.4) 2.01 (0.01) 0.005 (0.003) 2.9 (1.9) 0.014
Pd-Pd 1.5 (1.0) 2.78 (0.07) 0.015 (0.009) 2.8 2.0)
High pO,, 60 min Pd-O/N 2.9 (0.3) 2.01 (0.01) 0.006 (0.003) 3.0 (2.0) 0.047
Pd-Pd 1.4 (1.0) 2.78 (0.07) 0.014 (0.010) 3.9 Q.2)

EXAFS extended X-ray absorption fine structure, standard errors in brackets.

binteratomic distance.

CPseudo Debye-Waller factor.

dShift of the energy threshold.

€R-factor: goodness of fit between experimental and theoretical data.

aNumber of nearest neighbors determined by fixing the amplitude reduction factor (Sg) values obtained from the fits to Cu (Sé = 0.82) and Pd (Sé = 0.86) foil reference spectra.

XAS setup: Supplementary Fig. 6). The oxygen partial pressure
was subsequently increased back to 2 kPa to switch from half-
order to zero-order kinetic regime, where XAS spectra were
collected for up to 45min after the switch. These switching
experiments were repeated two more times, amassing more than

75,000 spectra from the continuous acquisition for both Cu and
Pd K-edges, of which 10 scans were averaged to achieve a
temporal resolution of 5.

Within tens of seconds after lowering the oxygen partial
pressure, qualitative inspection of the Cu K-edge XANES spectra
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Fig. 3 In situ Cu and Pd K-edge EXAFS spectra. The k3-weighted Fourier transform magnitude (non-phase shift corrected) of the a-e Cu and f-j Pd K-edge
EXAFS spectra of Pd1Cu5-Y before (as-prepared, pre-treated, Wacker-equilibrated) and at the end of each oxygen switching experiment, performed in the
3-11 A" range (red traces: best fit). The k3-weighted Cu and Pd K-edge EXAFS spectra are shown in Supplementary Fig. 4.

(Fig. 2a) reveals the immediate diminution of the white line
intensity at 8996 eV and formation of a minor peak at 8983 eV,
which is associated with the increase in the fraction of Cu(I)31-32,
After 5 min, the continuum resonance peak at 8996 eV starts to
increase slightly while the intensity of the peak at 8983 eV
decreases until the 20" minute and barely changed thereafter,
suggesting a slow reoxidation of Cu(I) to Cu(II). Figure 2c shows
that the Pd K-edge XANES spectra of Pd1Cu5-Y shifted to lower
absorption edge energy after lowering the oxygen partial
pressure while the intensity of the continuum resonance peak
at 24372 eV decreased, albeit more slowly compared with the
changes in the Cu K-edge spectra, indicating a gradual reduction
of Pd(II) to Pd(0).

Switching the partial pressure of oxygen back to 2 kPa resulted
in a further weakening of the peak at 8983 eV in the Cu K-edge
XANES spectra with a concomitant increase in the intensity of
the white line at 8996 eV (Fig. 2b), which is indicative of Cu(I)
reoxidation to Cu(II). The increase in oxygen partial pressure
caused a slight shift to higher absorption energy at half-height
and an increase in the white line intensity at 24372 eV in the Pd
K-edge XANES spectra (Fig. 2d). Furthermore, EXAFS analysis
reveals that the Pd-O/N scattering peak intensity (Fig. 3j) and
coordination number increased from 2.6 to 2.9, suggesting a
slight reoxidation of Pd(0) to Pd(II).

Subsequently, two further repeats of the kinetic regime
switching transient experiment were performed (Supplementary
Fig. 7). The Cu K-edge XANES spectra of Pd1Cu5-Y after each
cycle during all the three switching cycles illustrate the
reversibility of the electronic and structural properties of the
copper centers. Conversely, some of the palladium centers
undergo irreversible changes in the first cycle due to sintering
resulting in some extent of deactivation. In the succeeding kinetic
switching cycles, changes in palladium speciation became
reversible.

Chemometric analyses of operando Cu and Pd K-edge XANES.
A Multivariate Curve Resolution — Alternating Least Squares
(MCR-ALS) chemometric algorithm3® was employed to disen-
tangle each of the contributions of copper and palladium species
directly from experimental data but this requires prior knowledge

of the total number of pure components (Npy) characterizing
the whole dataset3”-38. Thus, principal component factor analysis
(PCA)3 was performed to characterize the maximum variance
(eigenvalues) of the entire dataset and determine the number of
principal components (PC) that are significantly contributing to
each spectrum. The results from PCA (Supplementary Fig. 8) and
MCR-ALS analyses (Supplementary Fig. 9) identified 3 pure
components for copper consisting of Cu(I) and two Cu(II) species
(hydrated and dehydrated) while two palladium species, Pd(0)
and Pd(II) were assigned to the spectra of the pure components
(assignment of spectra by comparisons with experimental refer-
ence XANES spectra are shown in Supplementary Figs. 10-12).

The time-resolved speciation of palladium and copper in
Pd1Cu5-Y during the transient experiments, derived from the
MCR-ALS analysis of their respective XANES spectra, are shown
in Fig. 4, together with the corresponding mass spectrometry
(MS) response. Due to the dead time (15-30 s) associated with the
MS response upon changing the oxygen partial pressure, the time
zero in the MS profile was adjusted to when the normalized signal
of oxygen (m/z = 32) starts to plummet.

At time zero, the decrease in oxygen partial pressure
immediately resulted in changes in the MS signals and copper
speciation (Fig. 4a, ¢, e). Within tens of seconds after time zero, a
rapid increase in Cu(I) fraction from the reduction of Cu(II) is
evident with a concomitant decrease in ethylene conversion.
Therefore, the decrease in the rate of copper reoxidation lowers
the rate of Wacker oxidation. The quick reduction of Cu(II) to Cu
(I) is a direct result of the change in oxygen order from zero to 0.5
and shows that oxygen is activated on copper in the hetero-
geneous Wacker system.

This reduction of Cu(Il) is coupled to the decrease in
acetaldehyde formation without significant Pd(0) formation,
suggesting that palladium assumes a resting state as Pd(II).
Without enough oxygen available, Cu(I) accumulates as its
reoxidation becomes slower than the reduction of Cu(II). Hence,
reoxidation of Cu(I) to Cu(Il) is rate-limiting at low oxygen
partial pressure.

Furthermore, the m/z signal for carbon dioxide dropped
instantaneously upon lowering the partial pressure of oxygen
suggesting that Cu(II) is directly involved in the formation of
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Fig. 4 Transient oxygen switching experiments. a, b Normalized mass spectrometry (MS) signals of outlet gas components as a function of time during
the transient oxygen switching experiments over Pd1Cu5-Y. Corresponding dynamic ¢, d copper and e, f palladium speciation determined from MCR-ALS
of time-resolved XANES spectra. The fraction of Cu(ll) species is the sum of hydrated and dehydrated copper species, the speciation of which are shown in
Supplementary Figs. 13-16. The catalyst was equilibrated under Wacker conditions for 4 h before the first change in oxygen partial pressure (t < 0). After
changing the partial pressure of oxygen (zero order to half order and back), the catalyst was subjected to the gas feed until the MS signals equilibrated.
This kinetic regime switching experiment was carried out two more times and the results are provided in full detail in Supplementary Figs. 13-16. Gas feed
composition (C,H4:H,0:0,) at high pO, (1:7:10) and low pO, (1:7:0.05) was balanced with helium to achieve a constant contact time in all experiments.

undesired carbon dioxide. Although ethylene is known to adsorb
on Cu(I)49, this interaction is insufficient to lead to full oxidation
at low oxygen partial pressures.

Slow reoxidation of Cu(I) to Cu(II) could then be observed
after 5 min and loosely followed the gradual formation of Pd(0).
The slight reoxidation of Cu(I) and concomitant Pd(II) reduction
diminished the number of active Pd(II), leading to catalyst
deactivation by Pd(0) formation.

After 60 min of low oxygen partial pressure (Fig. 4b, d, f),
increasing the oxygen partial pressure back to the standard
conditions led to a quick reoxidation of Cu(I) to Cu(Il) within
tens of seconds and equilibrated after 120 s, which corroborates
the inference that oxygen is activated on copper. A rapid increase
in carbon dioxide formation is also evident confirming that
Cu(II) is involved in the total oxidation of ethylene, lowering the
acetaldehyde selectivity.

However, Cu(I) was not fully reoxidized to Cu(II), suggesting
the presence of spectator Cu(I) species that did not participate in
the catalytic cycle. This is most likely due to the Cu(I) species that
can migrate more easily to the less accessible sites in the zeolite
leading to a higher activation barrier for oxidation compared to
the active Cu(I) species in the supercages*!.

The fraction of Pd(II) slightly increased exhibiting a slow
reoxidation of Pd(0) after switching the partial pressure of
oxygen. However, the rapid increase in Cu(Il) did not
immediately result in an increase in ethylene conversion to
acetaldehyde. Formation of acetaldehyde increased more gradu-
ally and was coupled to the increase of Pd(II); slow reoxidation of
inactive Pd(0) resulted in Pd(II) that again participated in the
catalytic cycle.

Moreover, the Wacker activity and the fraction of Pd(II) did
not revert to their original values before the start of the transient
experiments. Figure 4e shows that 24% of Pd(II) was already
reduced to Pd(0) after the 4-hr equilibration under Wacker
conditions. The Pd(II) fraction decreased further from ca. 76% to
60% after the first switch to half-order kinetics and only increased
to 64% at the end of the switch to zero-order kinetics. Relative to
the rate before the start of the transient experiments, the rate of
acetaldehyde formation decreased to 26% while that of carbon
dioxide diminished to 10% after the switch to half-order
kinetics. Increasing the oxygen partial pressure resulted in
regaining 85% of the original steady-state carbon dioxide
formation rate but only 57% of the acetaldehyde formation rate
was recovered. These results strongly suggest that the loss of
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Fig. 5 Proposed mechanism for heterogeneous Wacker oxidation over
Pd-Cu/Y. The catalytic cycle depicts the results obtained from this study.
Reoxidation of palladium (Step 2) is represented by the dotted arrow. The
activation of oxygen on copper (boxed) is depicted at high (solid arrow,
Step 3a) and low (dashed arrow, Step 3b) oxygen partial pressures. The
catalyst deactivation is shown in red.

Woacker activity is a direct result of Pd(II) reduction, which could
only be partially reactivated.

In the two subsequent kinetic regime switching cycles
(Supplementary Figs. 15, 16; Supplementary Table 3), the rates
of acetaldehyde formation and palladium speciation became
reversible. This indicates the presence of two different palladium
species: Pd(II) (ca. 36%, including those that were already
reduced before the start of the transient experiments) that gets
irreversibly reduced to Pd(0); and palladium (ca. 4%) that is
reversible between Pd(II) and Pd(0) and is most likely situated at
the surface of metallic Pd nanoparticles.

Consistent with the qualitative inspection of its XANES
spectra, the copper speciation throughout all the three switching
cycles show the reversibility of the copper speciation (ca. 10-
11%). Thus, the reversible deactivation and reactivation of the
catalyst involve redox processes between copper and palladium.

Mechanism of heterogeneous Wacker oxidation over Pd-Cu/Y.
Based on the findings from this study, a reaction cycle for ethy-
lene oxidation over Pd-Cu/zeolite Y is proposed in Fig. 5.

The pre-treatment in oxygen at 378 K only resulted in the
partial dehydration of the copper complexes and did not show
any direct coordination between copper and palladium from the
EXAFS analysis. However, the XANES spectra of the catalyst
revealed that it is composed of mobile hydrated copper(II) and
amminated palladium(II) ions. Moreover, H,-TPR studies
showed that the redox properties of palladium and copper are
coupled while the STEM-EDX images of Pd1Cu5-Y illustrated
their homogeneous distribution in the zeolite. These results
suggest the interaction and proximity between palladium and
copper, which are necessary for efficient electron-transfer.

Step 1 of the reaction mechanism depicts the oxidation of ethylene
to acetaldehyde on palladium, which had been demonstrated in

this study and in other previous reports3-12 as the active site.
Reactivation of the catalyst is then presented in Step 2 via Pd(0)
reoxidation by neighboring Cu(Il). In the absence of copper,
a small fraction of Pd(0) could be reoxidized by oxygen as observed
through the catalytic acetaldehyde formation over Pd2-Y. However,
the lack of observation of Pd(0) intermediates by XAS suggests
a very low steady-state concentration. As there is no evidence
of Cu(0) and Pd(I) formation, two one-electron transfers to two
Cu(Il) ions complete the cycle. The activation of oxygen on
copper is represented by Steps 3a and 3b (boxed) showing the
variable apparent order in oxygen determined from kinetic studies
and transient experiments. At low oxygen partial pressures (Step 3b,
half-order), Cu(I) reoxidation becomes rate-limiting. Under standard
Wacker conditions at high oxygen partial pressure (Step 3a, zero-
order), the reoxidation of Cu(I) becomes much faster than
the corresponding reduction of Cu(Il). Finally, Step 4 shows
the slow catalyst deactivation from the reduction of Pd(II) to Pd(0)
and concomitant Cu(I) oxidation, which diminishes the number of
active Pd(II) species that participate in the Wacker cycle. This is
partially reversible upon switching back to the zero-order kinetic
regime.

Methods

Catalyst preparation and characterization. lon-exchanged catalysts were pre-
pared from the sodium forms of zeolite Y (SiO,/Al,03 = 5.1, Zeolyst Interna-
tional). Sodium ions in the zeolite were exchanged with 0.01 M solution of Cu
(NO3),3H,0 (>99%, Sigma-Aldrich) at room temperature with a solid/liquid ratio
of 1 g/L, mixed continuously for 24 h. Nitrate ions were then removed by washing
with deionized water. Subsequently, the remaining sodium ions were exchanged in
a 0.1 mM solution of Pd(NH;),(CH3COQ), (>99%, Alfa-Aesar) under similar
conditions as the previous ion exchange with copper. All the metal-exchanged
zeolites were washed with deionized water to remove the acetate ions; filtered; and
dried at 373 K overnight. The dried zeolite powder was then pelletized, crushed and
sieved to fractions between 100-150 um. Structural characterization of the ion-
exchanged zeolite samples are all described in detail in the Supplementary
Methods.

Catalytic performance test and kinetic studies. Wacker oxidation of ethylene
was carried out in a quartz tube (internal diameter = 6 mm) fixed bed plug flow
reactor using CATLAB microreactor (Hiden Analytical) with standard operating
conditions of 378 K, 1 atm and space-time (W/F,) of 0.86 kg s mol~! unless stated
otherwise. The microreactor is equipped with a furnace and “in-bed” thermo-
couple for direct measurement of catalyst temperature. The gas feed composition
was regulated by mass flow controllers (Bronkhorst EL-FLOW F-201CV). The
standard gas feed is composed of 2.3 mol% oxygen, 0.2 mol% ethylene, 1.4 mol%
water and 96.1 mol% helium. Water was added to the feed by reacting hydrogen
and oxygen using an external homemade reactor bearing a Pt/cordierite catalyst.
The gas outlet was analyzed by an online gas chromatograph (MicroGC-MS, SRA)
equipped with PoraPLOT U, Molsieve 5 A and StabilWAX columns installed in
separate channels connected to a thermal conductivity detector. All the metal-
exchanged zeolites were pre-treated in oxygen at 378 K for 1 hr unless otherwise
specified.

The kinetics of the reaction was investigated by determining the overall reaction
rates and orders with respect to ethylene, water and oxygen at 378 K under low
conversions (<10%). When the order of one reactant is tested, its partial pressure
was varied while the partial pressures of the other two were fixed. The total flow
rate was then adjusted by changing the partial pressure of the inert gas (helium) in
order to have a constant contact time in all experiments.

Time-resolved XAS. Operando quickXAS measurements were performed in a
custom-made quartz capillary reactor cell with quartz wool on both ends of the
catalyst to secure the bed (Supplementary Fig. 6). The reactor was heated with
two hot air blowers. The controlled gas flows were directed to the reactor and the
gas outlet was analyzed by a quadrupole mass spectrometer (Omnistar Pfeiffer).
Experiments were performed in steady-state and transient conditions wherein the
partial pressure of oxygen is changed from 2 kPa to 0.01 kPa and back to monitor
structural and oxidation state changes in the catalyst in different kinetic regimes.
Gas feed composition (C,H,:H,0:0,) at high pO, (1:7:10) and low pO, (1:7:0.05)
was balanced with helium to achieve a constant contact time in all experiments.
The sub-stoichiometric amount of oxygen at low partial pressure was chosen
from the kinetic studies eliciting the largest changes in the time-resolved XAS
spectra. The quickXAS spectra3 were collected at the SuperXAS beamline of the
Swiss Light Source (SLS, Villigen, Switzerland) in transmission mode at the Pd
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(24.35keV) and Cu (8.979 keV) K-edges. The polychromatic beam of the 2.9
Tesla superbend was collimated by a Si-coated (for copper) or a Pt-coated (for
palladium) collimating mirror and subsequently monochromatized by a Si(111)
channel-cut crystal of the quickXAS monochromator, which oscillated at 1 Hz
frequency with an acquisition time of 500 milliseconds per spectrum. The beam
was then focused to the sample using a Rh-coated or Pt-coated toroidal mirror to
a spot size of 1x 0.2 mm. Details regarding data extraction, processing and
analysis are given in the Supplementary Methods.

Data availability

All data generated and analyzed from this study are archived on the internal servers of
Paul Scherrer Institute and are available from the corresponding authors upon reasonable
request.

Received: 25 June 2019; Accepted: 6 February 2020;
Published online: 28 February 2020

References

1. Smidt, J. et al. Katalytische Umsetzungen von Olefinen an Platinmetall-
Verbindungen Das Consortium-Verfahren zur Herstellung von Acetaldehyd.
Angew. Chem. 71, 176-182 (1959).

2. Jira, R. Acetaldehyde from ethylene—A retrospective on the discovery of the
Wacker process. Angew. Chem. 48, 9034-9037 (2009).

3. Eckert, M., Fleischmann, G, Jira, R,, Bolt, H. M. & Golka, K. Acetaldehyde.
Ullmann’s Encyclopedia of Industrial Chemistry (Wiley-VCH Verlag, 2006).

4. Paulik, F. E. & Roth, J. F. Novel catalysts for the low-pressure carbonylation of
methanol to acetic acid. Chem. Commun. 24, 1578a (1968).

5. Jones, J. H. The Cativa process for the manufacture plant of acetic acid. Platin.
Met. Rev. 44, 94-105 (2000).

6. Acetaldehyde: A Global Strategic Business Report, Global Industry Analysts,
Inc., San Jose, California (2016).

7. Keith, J. & Henry, P. The mechanism of the Wacker reaction: a tale of two
hydroxypalladations. Angew. Chem. 48, 9038-9049 (2009).

8.  Arai, H,, Yamashiro, T., Kubo, T. & Tominaga, H. The catalysis of palladium
and cupric ion-exchanged zeolite for oxidation of ethylene. J. Jpn. Pet. Inst. 18,
39-44 (1976).

9. Kubota, T., Kumada, F., Tominaga, H. & Kunugi, T. Oxidation of propylene
over a Pd(IT)-Cu(I)-Y zeolite catalyst. Int. Chem. Eng. 13, 539-545 (1973).

10. Espeel, P. H., Tielen, M. C. & Jacobs, P. A. Palladium-copper-exchanged Y
type zeolites: a true heterogeneous Wacker catalyst. J. Chem. Soc., Chem.
Commun. 10, 669-671 (1991).

11. Espeel, P. H,, De Peuter, G., Tielen, M. C. & Jacobs, P. A. Mechanism of the
Wacker oxidation of alkenes over Cu-Pd-exchanged Y zeolites. J. Phys. Chem.
98, 11588-11596 (1994).

12. Minachev, Kh. M. et al. Oxidation of ethylene and propylene into carbonyl
compounds on zeolite catalysts. Petrol. Chem. U.S.S.R. 3, 186-193 (1979).

13. Minachev, Kh. M., Usachev, N. Ya, Rodin, A. P. & Isakov, Ya. . Catalytic
properties of a PACI2-CuCl2/zeolite system in the oxidation of C2-C4 olefins
to carbonyl compounds. Russ. Chem. Bull. 1, 124-128 (1982).

14. Minachev, Kh. M., Usachev, N. Ya, Rodin, A. P. & Isakov, Ya. I. Oxidation of
ethylene and propylene to carbonyl compounds using catalysts comprising Pd
and Cu salts and Y zeolite. Russ. Chem. Bull. 9, 1744-1748 (1982).

15. Minachev, Kh. M., Usachev, N. Ya, Isakov, Ya. I., Rodin, A. P. & Kalinin, V. P.
IR spectroscopic investigation of the effect of water on the catalytic properties
of PdCuNaY zeolite in the oxidation of ethylene to acetaldehyde. Russ. Chem.
Bull. 2, 199-201 (1981).

16. Choi, K., Mizugaki, T., Ebitani, K. & Kaneda, K. Nanoscale palladium cluster
immobilized on a TiO2 surface as an efficient catalyst for liquid-phase Wacker
oxidation of higher terminal olefins. Chem. Lett. 32, 180-181 (2003).

17. Donck, S. et al. Tsuji-Wacker oxidation of terminal olefins using a palladium-
carbon nanotube nanohybrid. ChemCatChem 7, 2318-2322 (2015).

18. Stobbe-Kreemers, A. W., Makkee, M. & Scholten, J. J. F. The performance of
titania-supported Wacker catalysts in the oxidation of 1-butene. Appl. Catal.
A. 156, 219-238 (1997).

19. Li, M. & Shen, J. Selective oxidation of propylene to acetone over supported
Vanadia catalysts. React. Kinet. Catal. Lett. 72, 263-267 (2001).

20. Barthos, R, Novodarszki, G. & Valyon, J. Heterogeneous catalytic Wacker
oxidation of ethylene over oxide-supported Pd/VOx catalysts: the support
effect. React. Kinet. Mech. Cat. 121, 17-29 (2017).

21. Barthos, R, Drotdr, E., Szegedi, A. & Valyon, J. Wacker oxidation of ethylene
over vanadia nanotube supported Pd catalysts. Mater. Res. Bull. 47, 4452-4456
(2012).

22. Nowinska, K., Dudko, D. & Golon, R. Pd2+Mn2+HPA: a heterogeneous
Wacker system catalyst. Chem. Commun. 277-279 (1996).

23. Bordiga, S., Groppo, E., Agostini, G., van Bokhoven, J. A. & Lamberti, C.
Reactivity of surface species in heterogeneous catalysts probed by in situ X-ray
absorption techniques. Chem. Rev. 113, 1736-1850 (2013).

24. Lamberti, C. & van Bokhoven, J. A. X-ray Absorption and X-ray Emission
Spectroscopy (John Wiley & Sons, Ltd., 2016).

25. Frahm, R. et al. The dedicated QEXAFS facility at the SLS: performance and
scientific opportunities. AIP Conf. Proc. 1234, 251 (2010).

26. Fonda, E. et al. The SAMBA quick-EXAFS monochromator: XAS with edge
jumping. J. Synchrotron Rad. 19, 417-424 (2012).

27. Imbao, J., van Bokhoven, J. A. & Nachtegaal, M. Optimization of a
heterogeneous Pd-Cu/zeolite Y Wacker catalyst for ethylene oxidation. Chem.
Commun. 56, 1377-1380 (2020).

28. Henry, P. M. Kinetics of the oxidation of ethylene by aqueous palladium(II)
chloride. J. Am. Chem. Soc. 86, 3246-3250 (1964).

29. Vargaftik, M. N., Moiseev, I. I. & Syrkin, Ya. K. The kinetics of ethylene
oxidation by palladium salts in aqueous solutions. Dokl. Akad. Nauk SSSR
147, 399-402 (1962).

30. Teramoto, K, Oga, T., Kikuchi, S. & Ito, M. Synthesis of acetaldehyde by the
oxidation of ethylene. J. Syn. Org. Chem. Jpn. 21, 298-303 (1963).

31. Kau, L. S, Solomon, E. I. & Hodgson, K. O. XANES/EXAFS study of the
copper active site in methanol synthesis catalyst. J. Phys. Colloq. 47, C8-
289-C8-292 (1986).

32. Kau, L. S., Spira-Solomon, D. J., Penner-Hahn, J. E., Hodgson, K. O. &
Solomon, E. I. X-ray absorption edge determination of the oxidation state and
coordination number of copper: application to the type 3 site in Rhus
vernicifera laccase and its reaction with oxygen. J. Am. Chem. Soc. 109,
6433-6442 (1987).

33. Moller, K. & Bein, T. Reduction and cluster growth of palladium in zeolite Y
containing transition metal ions. X-ray absorption studies. J. Phys. Chem. 94,
845-853 (1990).

34. Frenkel, A, Hills, C. & Nuzzo, R. A view from the inside: Complexity in the
atomic scale ordering of supported metal nanoparticles. J. Phys. Chem. B 105,
12689-12703 (2001).

35. Miiller, O., Nachtegaal, M., Just, J., Liitzenkirchen-Hecht, D. & Frahm, R.
Quick-EXAFS setup at the SuperXAS beamline for in situ X-ray absorption
spectroscopy with 10 ms time resolution. J. Synchrotron Rad. 23, 260-266
(2016).

36. Jaumot, J., Gargallo, R,, de Juan, A. & Tauler, R. A graphical user-friendly
interface for MCR-ALS: a new tool for multivariate curve resolution in
MATLAB. Chemometrics Intell. Lab. Syst. 76, 101-110 (2005).

37. Cassinelli, W. H. et al. Multivariate curve resolution analysis applied to
time-resolved synchrotron X-ray absorption spectroscopy monitoring of
the activation of copper alumina catalyst. Catal. Today 229, 114-122
(2014).

38. Martini, A. et al. Composition-driven Cu-speciation and reducibility in Cu-
CHA zeolite catalysts: a multivariate XAS/FTIR approach to complexity.
Chem. Sci. 8, 6836-6851 (2017).

39. Rossberg, A., Reich, T. & Bernhard, G. Complexation of uranium(VI) with
protocatechuic acid - application of iterative transformation factor analysis to
EXAFS spectroscopy. Anal. Bioanal. Chem. 376, 631-638 (2003).

40. Datka, J. & Kukulska-Zajac, E. IR studies of the activation of C=C bond
in alkenes by Cu+ ions in zeolites. J. Phys. Chem. B 108, 17760-17766
(2004).

41. Gentry, S. J., Hurst, N. W. & Jones, A. Temperature programmed reduction
of copper ions in zeolites. J. Chem. Soc., Faraday Trans. 1, 1688-1699 (1979).

Acknowledgements

We thank the Swiss National Science Foundation (Project 159555) for the financial
support. The allocation of beamtime at SuperXAS beamline at the Swiss Light Source is
appreciatively acknowledged. We are also grateful to J. Kuzmenko, A. Knorpp, M.
Sommerhalder, P. Sot, R. Kopelent, J. Xto and T. Fovanna for their assistance with data
acquisition during beamtime. Finally, we thank L. Bani, U. Vogelsang and S. Hitz for all
the technical support.

Author contributions

J.I prepared the catalysts; designed experiments; and performed catalytic tests, structural
characterizations, kinetic studies, transient XAS measurements, PCA and MCR-ALS
analyses of the XAS data. A.C. developed the python-based program for processing the
quickXAS data. M.N. and J.v.B. designed experiments, analyzed the data and led the
project. J.I. wrote the paper. All authors discussed the results and commented on the
manuscript.

Competing Interests
The authors declare no competing interests.

8 | (2020)11:1118 | https://doi.org/10.1038/541467-020-14982-x | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-14982-x.

Correspondence and requests for materials should be addressed to J.A.v.B. or M.N.

Peer review information Nature Communications thanks the anonymous reviewers for
their contribution to the peer review of this work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attri-
B

bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons
license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in
a credit line to the material. If material is not included in the article’s Creative Commons
license and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

| (2020)11:1118 | https://doi.org/10.1038/s41467-020-14982-x | www.nature.com/naturecommunications 9


https://doi.org/10.1038/s41467-020-14982-x
https://doi.org/10.1038/s41467-020-14982-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Elucidating the mechanism of heterogeneous Wacker oxidation over Pd-Cu/zeolite Y by�transient XAS
	Results and Discussion
	Kinetics of the Wacker reaction
	Cu and Pd K-edge XAS
	Chemometric analyses of operando Cu and Pd K-edge XANES
	Mechanism of heterogeneous Wacker oxidation over Pd-Cu/Y

	Methods
	Catalyst preparation and characterization
	Catalytic performance test and kinetic studies
	Time-resolved XAS

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing Interests
	Additional information




